[1] Mixing in the ocean plays a key role in the ocean's dynamics and thermodynamics and how the ocean interacts with the atmosphere. Here we focus on lateral mixing in the equatorial ocean, and in particular the part played by inertial instability. We demonstrate the effectiveness of the instability in promoting mixing in the equatorial thermocline, that is sufficient to affect the large scale structure of the equatorial ocean, and which rectifies problems in existing ocean models. The spatial and temporal variability of the process is likely to impinge on interannual variations of the ocean and El Niño.
Introduction
[2] The robustness of climate predictions depends on the effectiveness of atmosphere and ocean models in capturing the essential physics of the problem. Recent studies have shown that for the El Niño/Southern Oscillation (ENSO) phenomenon, the predictability of coupled models is critically dependent on the initial state of the ocean model (e.g., Latif and Graham [1992] ). Yet, just what key processes determine that state is still not completely understood. In particular, the role of small-scale processes in equatorial dynamics is unclear. McPhaden [1985] noted the importance of the parameterizations of such processes in the modelling of the equatorial ocean. Neelin et al. [1992] suggested that the inability of coupled models to reproduce major features of the tropical climatology may be attributable to their sensitivity to the parameterizations used to represent subgrid-scale processes.
Lateral Mixing and its Parameterization
[3] Studies such as Chen et al. [1994] and Blanke and Delecluse [1993] focus on the role of vertical mixing in establishing the vertical structure of the equatorial currents. The model intercomparison of Stockdale et al. [1993] , however, showed the important role that lateral mixing plays in determining sea-surface temperature (SST) in the equatorial Pacific. In a study to assess the relative roles of lateral and vertical mixing, Maes et al. [1997] found that there is a nonlinear interplay between horizontal and vertical diffusion. In particular, the structure of the Equatorial Undercurrent (EUC) in their solutions was sensitive to the relative importance of the components of diffusion, with lateralmixing conditions affecting the meridional heat transport and surface heat budget, as well as the zonal-momentum budget. With a low lateral diffusion coefficient, less than 10 3 m 2 s
À1
, the level of vertical mixing required to keep the current system in balance was excessively high. Large et al. [2001] also conclude that a lateral diffusion coefficient of order 10 3 m 2 s
, acting in particular on the meridional shear of the zonal current, is required to reproduce the equatorial zonal current structure in models (together with a good wind forcing field and low vertical mixing).
[4] Recently, there have been a number of studies that investigate the effect of the orientation of the mixing tensor (horizontal vs. isopycnal) and eddy-induced advective transport [c.f., Gent and McWilliams, 1990] in both OGCMs [Hirst and Cai, 1994; Lengaigne et al., 2003] and coupled atmosphere/ocean GCMs [c.f., Raynaud et al., 2000; Guilyardi et al., 2001] . There is a general consensus that mixing tracers along isopycnic surfaces improves the structure of the tropical thermocline, while mixing momentum along isopycnic surfaces improves the current structure [Lengaigne et al., 2003] .
The Need for a New Approach
[5] Despite improvement in lateral-mixing schemes, a number of problems remain in the simulation of the tropical ocean circulation. Perhaps primary among them is the almost universal equatorial ''cold bias'' in coupled and forced OGCMs, in which the Pacific cold tongue is too cold and extends too far west. A partial cause of this deficiency is that the level of lateral mixing typically used in OGCMs is sufficient to damp Tropical Instability Waves (TIWs), which are known to flux a significant amount of heat to the equator [Hansen and Paul, 1984] .
[6] Increasing the model horizontal resolution, and lowering the lateral diffusion coefficients, is not the complete answer. As an example we present the results from the study of Pezzi and Richards [2003] who investigate the effects on the state of an equatorial model of varying the strength and form of the lateral mixing (Figure 1 ). Decreasing the lateral diffusion coefficient of both momentum and tracers raises the temperature of the cold tongue (a desirable result). However there is also an unrealistic increase in the speed of the EUC (Figure 1, left panel) . Numerical experiments at a 1/2°a nd 1/4°resolution using the same model in a global configuration, forced with observed winds, and with weak lateral mixing coefficients also have an excessively strong undercurrent in the Pacific ocean [Vialard, personal communication 2002] .
[7] A pragmatic approach of having spatially varying lateral mixing coefficients is one way of overcoming this dilemma. The stars in Figure 1 are the results of having a relatively low background diffusion coefficient, with an enhanced value close to the equator. Now we have an elevated cold tongue SST, whilst restricting the speed of the EUC to a realistic value. However this approach is unsatisfactory unless there are sound physical reasons for doing so. Solutions should, in principle, become less dependent on the sub-grid scale parameterization as resolution is increased, if the physical processes controlling the flow are adequately captured in the model. Likewise the magnitude of the imposed sub-grid scale mixing should decrease as the grid scale is decreased. In fact we are advocating an increase in the lateral diffusion coefficients within the equatorial thermocline.
Missing Physics
[8] A rationale for increasing the lateral mixing in the vicinity of the equator is based on the observation that in the Pacific the salty water to the south of the equator and the fresher water to the north are often observed to interleave ( ) [McPhaden, 1985; Richards and Banks, 2002] , and are similar in magnitude to that found to be required by Maes et al. [1997] and Large et al. [2001] . The small vertical scale of the interleaving means that the process will not be resolved in conventional OGCMs used in climate studies, hence the need to develop a parameterization of the process to be included in such models. As we delve deeper into what controls the formation and finite amplitude aspects of the interleaving, we find that an appropriate parameterization needs to take into account the state of the equatorial ocean. It is likely that the mixing associated with the interleaving is intermittent in both time and space, and may well vary on interannual timescales.
Inertial Instability as a Mixing Process
[9] Using an extensive set of observations, Richards and Banks [2002] conclude that the observed interleaving in the equatorial Pacific is consistent with the theories of both double-diffusive interleaving and inertial instability, and that the observations by themselves cannot distinguish between the two. Resorting to numerical simulation Edwards and Richards [2003] consider finite amplitude double-diffusive interleaving at the equator. Despite their best efforts, they find double diffusion alone cannot produce large amplitude interleaving, except with unrealistic horizontal and vertical salinity gradients. In contrast, a horizontal linear shear which is inertially unstable produces strong interleaving structures.
[10] We therefore conclude that inertial instability is the more likely of the two formation mechanisms. When the EUC is centered on the equator, however, the horizontal shear is not unstable to inertial instability. In that case, the criterion for inertial instability, that is, that f ( fÀu y ) < 0 somewhere in the flow, cannot be met by the eastwardflowing EUC, where f is the Coriolis parameter and u y the meridional shear of the zonal current. (The flow may be unstable because of the vertical shear, Hua et al. [1997] , but this process is found to be unimportant for typical vertical shears in the equatorial Pacific.) The core of the EUC must be displaced from the equator for the instability to occur. Such displacements are in fact frequent occurrences, most likely caused by intraseasonal to interannual variations in the atmospheric forcing [Richards and Banks, 2002] .
[11] To illustrate the effectiveness of inertial instability in mixing both momentum and tracers we consider an initially Gaussian zonal current displaced from the equator. The 2D non-hydrostatic model of Hua et al. [1997] , modified by Edwards and Richards [2003] , is used to study the stability of the flow. The model domain is 800 km in the meridional direction, centered on the equator, and periodic in the vertical. The vertical scale has been chosen to be the same as that of the fastest growing linear mode (which is a weak function of the viscosity -see Edwards and Richards [1999] ). Temperature and salinity initially have density-compensating meridional gradients (i.e., there is no meridional density gradient), and vertical gradients such that the buoyancy frequency, N = 2 Â 10 À2 s
À1
, which is typical of the thermocline of the equatorial Pacific. Figures 3 and 4 show the zonal current and salinity for three time intervals for an initial zonal current with a Gaussian profile with maximum velocity 1.5 m s
, halfwidth 50 km, and displaced 125 km from the equator. As with all instabilities it takes some time for the small perturbation to grow to a significant amplitude, but once it does (in this case around Day 18) there is a rapid change in the flow properties. The maximum in the zonal flow is reduced from 1.5 to 1.1 m s À1 between Days 18 and 28, with a broadening of the current. The salinity shows evolving interleaving structures similar of the those ob- OCE served (Figure 2 ). Note the increased meridional salinity gradients, north and south of the interleaving.
A Parameterization of Equatorial Interleaving
[12] Inertial instability brings about its own death. The associated meridional recirculation quickly mixes both momentum and vorticity such that negative anomalies of f ( fÀu y ) are swiftly brought to zero, killing the instability [see Griffiths, 2000] . We therefore postulate that the effective diffusion coefficient, K E , for both momentum and tracers, can be written in terms of L, the width of the region that is unstable, and the growth rate of the instability given by linear inertial instability theory averaged over the unstable region, s ' hu y i/2. Thus K E will be related to K I , where
[13] To test this hypothesis we have performed a number of numerical experiments similar to that shown in Figures 3  and 4 for a model EUC with various strengths and displacements. In Figure 5 we compare K I with the effective lateral diffusion coefficient, K E , taken to be the maximum value of the depth averaged (denoted by a tilde) meridional salinity flux divided by the initial (denoted by an overbar) salinity gradient, i.e.
For values of K I between 10000-20000 m 2 s À1 the points tend to collapse onto a line which, very crudely, can be characterized by
such that K E varies from 2500-5000 m 2 s
À1
, over this range. For meridional displacements less than 1°of latitude the points tend to fall below those in Figure 5 , such that when the displacement is 0.5°the instability is suppressed. There also appears to be a cut-off below a value of K I ' 10000 m 2 s
. The size of this cut-off value will depend on the shape of the zonal current. Hua et al. [1997] show that curvature of the flow tends to damp inertial instability. For a zonal current with less curvature we expect the cut-off to occur at a smaller value of K I .
[14] From the above, the expression (1) appears to have some merit in characterizing the impact of inertial instability on the broader scale properties of the flow, and we propose (3) as a 'first-cut' for a parameterization suitable for OGCMs. The mixing coefficient K E will collapse to zero outside regions that are stable to inertial instability (when f ( fÀu y ) > 0). In practice there will need to be some tapering of the coefficient in both the meridional and zonal directions for numerical stability.
[15] But would such a parameterization ever 'kick-in'? To address this issue we have analysed the output from a model run in a realistic configuration with daily wind forcing over the period 1993 to 1999 [Vialard et al., 2001] . The model was run with a horizontal diffusion coefficient (for both momentum and tracers) of 2000 m 2 s
, which will be damping the strength and variability of the zonal currents. Yet we find periods lasting several months when K I is nonzero in the western and central equatorial ocean and peaking at values of 40000 m 2 s À1 (not shown). The variations in K I are found to be modulated on a similar temporal scale to variations in the Southern Oscillation Index (SOI). With a lower value of the imposed lateral diffusion in the model we may expect more variability in the strength and distribution of the meridional shear of the current system which will translate into greater variability of K I . The implication of large values of K I is that enhanced mixing will take place reducing lateral shears and changing the spatial and temporal structure of the current system. We therefore expect the implementation of (3) to have a significant effect on the behavior of an OGCM.
Conclusions
[16] We have presented what we hope is a compelling case for inertial instability to be a significant source of enhanced mixing in the equatorial thermocline, and that this enhanced mixing affects the large-scale structure of the equatorial ocean. Certainly, in the Pacific we are able to link the observation of the presence of interleaving to the apparent missing physics in OGCMs. We have tested a parameterization scheme for inertial instability which shows merit. The next task is to test the scheme in a highresolution OGCM.
[17] Our scheme for the diffusion coefficient (3) is of a similar form to other shear dependent schemes [Smagorinsky, 1963; Smith and McWilliams, 2003] , except that the length scale in (3) is determined by the structure of the flow, not the numerical grid size, and is non-zero only when and where the flow is unstable. The latter is particularly important, because our proposed additional diffusivity drops to zero away from the equator as f increases, and hence the shears producing the all-important TIWs are unaffected.
[18] A point to stress is that the reliability of a climate model is dependent on the soundness of the physics incorporated into the model. There is still a lot to be learned about the interplay of processes leading to lateral and vertical mixing and the large scale flow in the tropical oceans. Simply tuning a model to fit present-day observations may lead to a model system which responds incorrectly to change. The action of interleaving is a good case in point. The enhanced mixing brought about by the process is most probably intermittent in time and space. This intermittency will affect not only the mean state of the system but also the development of El Niño/La Niña events and possibly their decadal variability. It is our contention that a single number for a diffusion coefficient is simply not good enough. Figure 5 . The effective lateral diffusion coefficient, K E , plotted against K I = hu y i L 2 /2, for an initial Gaussian zonal current displaced 1.25°(circles) and 2.5°(diamonds) off the equator and with various amplitudes.
